In this study, we proposed an empirical algorithm for significant wave height (SWH) retrieval from TerraSAR-X/TanDEM (TS-X/TD-X) X-band synthetic aperture radar (SAR) co-polarization (vertical-vertical (VV) and horizontal-horizontal (HH)) images. As the existing empirical algorithm at X-band, i.e., XWAVE, is applied for wave retrieval from HH-polarization TS-X/TD-X image, polarization ratio (PR) has to be used for inverting wind speed, which is treated as an input in XWAVE. Wind speed encounters saturation in tropical cyclone. In our work, wind speed is replaced by normalized radar cross section (NRCS) to avoiding using SAR-derived wind speed, which does not work in high winds, and the empirical algorithm can be conveniently implemented without converting NRCS in HH-polarization to NRCS in VV-polarization by using X-band PR. A total of 120 TS-X/TD-X images, 60 in VV-polarization and 60 in HH-polarization, with homogenous wave patterns, and the coincide significant wave height data from European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis field at a 0.125 • grid were collected as a dataset for tuning the algorithm. The range of SWH is from 0 to 7 m. We then applied the algorithm to 24 VV and 21 HH additional SAR images to extract SWH at locations of 30 National Oceanic and Atmospheric Administration (NOAA) National Data Buoy Center (NDBC) buoys. It is found that the algorithm performs well with a SWH stander deviation (STD) of about 0.5 m for both VV and HH polarization TS-X/TD-X images. For large wave validation (SWH 6-7 m), we applied the empirical algorithm to a tropical cyclone Sandy TD-X image acquired in 2012, and obtained good result with a SWH STD of 0.3 m. We concluded that the proposed empirical algorithm works for wave retrieval from TS-X/TD-X image in co-polarization without external sea surface wind information.
Introduction
It is well known that space-borne synthetic aperture radar (SAR) is an efficiently instrument for wind and wave observation in a large coverage with high spatial resolution at seas. Most satellite SAR operates at X-band (TerraSAR-X (TS-X), TanDEM-X (TD-X), and Cosmo-SkyMed), C-band (Radarsat-1/2, ERS-1/2, Envisat-ASAR, Sentinel-1A/-1B and Chinese Gaofen-3), and L-band (Japanese ALOS-1/ALOS-2). TS-X and its twin TD-X have 514 km orbit height above earth and a 100-min orbit period with fine spatial resolution of image up to 1 m. TS-X and TD-X SAR are officially operated by Germen Aerospace Center (DLR). In the past few years, several algorithms for winds [1] [2] [3] [4] [5] and waves [6] [7] [8] [9] retrieval from TS-X/TD-X image have been developed. Geophysical model function tropical cyclone conditions yet. This is because XMOD is tuned and validated through VV-polarization TS-X/TD-X images and the DWD with the wind speeds up to 25 m/s. Moreover, the signal saturation problem also exists for SAR in tropical cyclone [30, 31] .
Recently, a new empirical approach was reported in [32] , by which it is possible to directly retrieve SWH in tropical cyclones from normalized radar cross section (NRCS) of C-band wide ScanSAR image, e.g., Envisat-ASAR and Radarsat-1/2. Interestingly, that empirical model can be conveniently applied similarly to the SAR wind retrieval methodology. Although the validation against outputs from the third-generation wave models, including WaveWatch-III and SWAN, has exhibited encouraging results, there are still some weaknesses existed in the model as mentioned by the authors.
In this study, we propose an empirical algorithm for SWH retrieval from X-band SAR through improving existing XWAVE model. In particular, this developed model can be directly applied for HH-polarization TS-X/TD-X image without converting NRCS in HH-polarization into NRCS in VV-polarization. The proposed algorithm avoids using SAR-derived wind speed, which is known having large retrieval errors in tropical cyclone. Data collected at high sea state (SWH > 5 m) are also included in the tuning dataset and the algorithm performs well under tropical cyclone condition.
The paper is organized as follows. SAR images and collocated NOAA in situ buoys dataset are introduced in Section 2. In Section 3, methodology of the proposed empirical model for SWH retrieval is presented and the coefficients of the proposed empirical function are tuned by the dataset. The comparison of SWH retrieved from SAR imagery and those measured by buoys is shown in Section 4. A case study for wave retrieval using two TS-X/TD-X images acquired during in tropical cyclone Sandy in 2012 is also presented. Conclusions are summarized in Section 5. through VV-polarization TS-X/TD-X images and the DWD with the wind speeds up to 25 m/s. Moreover, the signal saturation problem also exists for SAR in tropical cyclone [30] [31] .
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The paper is organized as follows. SAR images and collocated NOAA in situ buoys dataset are introduced in Section 2. In Section 3, methodology of the proposed empirical model for SWH retrieval is presented and the coefficients of the proposed empirical function are tuned by the dataset. The comparison of SWH retrieved from SAR imagery and those measured by buoys is shown in Section 4. A case study for wave retrieval using two TS-X/TD-X images acquired during in tropical cyclone Sandy in 2012 is also presented. Conclusions are summarized in Section 5. In this study, the European Centre for Medium-Range Weather Forecasts (ECMWF) global atmospheric-marine reanalyzed data is matched up against the SAR measurements. Here, we used ECMWF reanalysis SWH data at a 0.125 • grid (approximate 12.5 km) at an interval of six hours. To perform the matchup, every TS-X/TD-X imagery was divided into sub-scenes with a spatial coverage of 1.5 × 1.5 km for StripMap mode and 4 × 4 km for ScanSAR mode images in azimuth and range direction, respectively. Then, ECMWF SWH data in every sub-scene were calculated by both bilinear interpolation in space and time. To eliminate inhomogeneous sub-scenes, we compute the image variance and only keep those with values smaller than 1.05 [26] . Moreover, the SAR spectrum is smoothed to reduce the distortions of other marine phenomena. Figure 2a ,b shows the ECMWF SWH data that correspond to the two images shown in Figure 1a, In this study, the European Centre for Medium-Range Weather Forecasts (ECMWF) global atmospheric-marine reanalyzed data is matched up against the SAR measurements. Here, we used ECMWF reanalysis SWH data at a 0.125° grid (approximate 12.5 km) at an interval of six hours. To perform the matchup, every TS-X/TD-X imagery was divided into sub-scenes with a spatial coverage of 1.5 × 1.5 km for StripMap mode and 4 × 4 km for ScanSAR mode images in azimuth and range direction, respectively. Then, ECMWF SWH data in every sub-scene were calculated by both bilinear interpolation in space and time. To eliminate inhomogeneous sub-scenes, we compute the image variance and only keep those with values smaller than 1.05 [26] . Moreover, the SAR spectrum is smoothed to reduce the distortions of other marine phenomena. Figure 2a ,b shows the ECMWF SWH data that correspond to the two images shown in Figure 1a ,b, respectively. In total, our dataset consists of more than one thousand SAR-derived and ECMWF reanalysis SWH matchup points for algorithm tuning. Histograms of SWH matchups are shown in Figure 3 , in which the SWH ranges from 0 to 7 m at interval of 0.3 m. In total, our dataset consists of more than one thousand SAR-derived and ECMWF reanalysis SWH matchup points for algorithm tuning. Histograms of SWH matchups are shown in Figure 3 , in which the SWH ranges from 0 to 7 m at interval of 0.3 m. In this study, the European Centre for Medium-Range Weather Forecasts (ECMWF) global atmospheric-marine reanalyzed data is matched up against the SAR measurements. Here, we used ECMWF reanalysis SWH data at a 0.125° grid (approximate 12.5 km) at an interval of six hours. To perform the matchup, every TS-X/TD-X imagery was divided into sub-scenes with a spatial coverage of 1.5 × 1.5 km for StripMap mode and 4 × 4 km for ScanSAR mode images in azimuth and range direction, respectively. Then, ECMWF SWH data in every sub-scene were calculated by both bilinear interpolation in space and time. To eliminate inhomogeneous sub-scenes, we compute the image variance and only keep those with values smaller than 1.05 [26] . Moreover, the SAR spectrum is smoothed to reduce the distortions of other marine phenomena. Figure 2a ,b shows the ECMWF SWH data that correspond to the two images shown in Figure 1a ,b, respectively. In total, our dataset consists of more than one thousand SAR-derived and ECMWF reanalysis SWH matchup points for algorithm tuning. Histograms of SWH matchups are shown in Figure 3 , in which the SWH ranges from 0 to 7 m at interval of 0.3 m. 

Development of Empirical Algorithm for Wave Retrieval at X-Band
Existing X-Band SAR Wind and Wave Algorithms
The wind retrieval from SAR is a matured technology. The initial X-band GMF, XMOD1, simply related VV-polarization X-band radar normalized radar cross section (NRCS) from TS-X/TD-X images to wind speed in a pre-launch study [1] . Then, similar to the development of C-band GMF CMOD5 [33] that was derived from ERS-1 SAR images and ECMWF reanalysis wind data, XMOD2 has been exploited in [4] by using collocated VV-polarization TS-X/TD-X images and National Data Buoy Center (NDBC) buoy measurements and it was found that a 1.44 m/s RMSE of wind speed was achieved against NOAA in situ buoys. Besides, another X-band GMF, called SIRX-MOD, was proposed in [3] by retuning the coefficients in the C-band GMF CMOD-IFR2 [34] with the VV-polarization Spaceborne Imaging Radar (SIR) X-band SAR NRCS data and ECMWF reanalysis wind data. XMOD2 and SIRX-MOD take the general form of:
where σ 0 is the NRCS in linear unit, and φ represents the angle between the radar look direction and the wind direction. The coefficients B 0 , B 1 and B 2 are functions of the radar incidence angle θ and sea surface wind speed U 10 at 10 m height above sea surface. Figure 4 shows the XMOD2 and SIRX-MOD curves at θ of 30 • and φ of 45 • , showing X-band NRCS is linearly related to wind speed. This behavior is consistent with the observations of microwave backscattering signatures of the ocean at X-band during the experiment using an airborne microwave scatterometer-radiometer system [35] .
As for wind retrieval from HH-polarization TS-X/TD-X image, polarization ratio (PR) model is used to convert NRCS values from VV to HH. X-band PR (XPR) models for TS-X/TD-X are given for [2, 5] . It was reported in [5] that the comparison of wind speed by using the combination method, that is XMOD2 together with XPR2, shows a RMSE of 1.79 m/s against winds measured by NOAA buoys. However, these algorithms are only valid for wind speeds up to 25 m/s, because they are exploited through low-to-moderate wind speeds.
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where H s is the SWH, θ is the radar incidence angle, U 10 is the wind speed at 10 m above sea surface, φ is the wave peak direction relative to azimuth direction ranged from 0 to 90
is the integrated value of the normalized SAR intensity spectrum S(k, θ)in wavelength domain L min (= 2π/k min ) of 30 to L max (=2π/k max ) of 600 m, and the coefficients A 1 to A 4 are the constants tuned by VV-polarization TS-X/TD-X images together with SWH from DWD and NOAA buoys in [6, 7] . XWAVE is conveniently applied for waves retrieval from TS-X/TD-X images without transferring SAR intensity spectrum into wave spectrum. Although SAR-derived wind speed from VV-polarization and HH-polarization TS-X/TD-X image has known accuracy at within 2 m/s RMSE of wind speed [4, 5] , XWAVE is restrictedly used during operational application, due to prior wind direction is necessary in the process of wind retrieval by using XMODs.
Empirical Algorithm for Wave Retrieval in Both VV-and HH-Polarization
X-band GMF XMOD2 and PR model XPR2 are valid for winds up to 25 m/s due to no available higher winds in the tuning dataset. In this study, we develop an empirical wave retrieval algorithm by replacing wind speed with NRCS in Equation (2) . The purpose of this kind of development is that the empirical algorithm can be conveniently implemented without calculating the sea surface wind speed. The proposed empirical model takes the form:
where, α represents the peak direction relative to azimuth direction in a SAR spectrum instead of wave peak direction φ in Equation (2) for convenient application. The collocated dataset, including ECMWF SWH data and the three other variables derived from SAR intensity spectrum, is used for tuning the coefficients C 1 to C 4 in VV-polarization and HH-polarization. The values of matrix C in Equation (3) for VV-polarization and HH-polarization are shown in Tables 1 and 2 , respectively. The statistical analysis between the ECMWF reanalysis SWH and the simulated SWH by using proposed algorithm is exhibited in Figure 5 for 10 • of incidence angle bins between 20 • and 50 • and 1 m of SWH bins ranged from 0 to 7 m. The result shows the correlation is about 0.8. Under this circumstance, it is indicated that the proposed algorithm is suitable for H s retrieval from VV and HH polarization TS-/TD-X image. However, it is necessary to figure out if the proposed algorithm relies on good-quality power spectra of SAR image. 
Validation
Validation Against Buoys
As a case study, the image of HH-polarization TS-X image in StripMap mode acquired at 16:19 UTC on 1 February 2012 at 13:59 UTC is shown in Figure 6 , which covers the NOAA in situ buoy (ID: 46047). A sub-scene of 2048 × 2048 pixels with a 1.25 × 1.25 pixel size has been extracted from TS-X image, which covers the location of NDBC buoy. The sub-scene is normalized and then the sub-scene is divided into 2 × 2 small scenes. The corresponding four two-dimensional SAR spectra are calculated by using the two-dimensional Fast Fourier Transform (FFT-2) method. The smooth twodimensional spectrum, which is obtained by averaging the four two-dimensional SAR spectra, is used here.
The image of sub-scene and the corresponding two-dimensional wave spectrum in term of length λ, is shown in Figure 7a ,b. The SAR-derived SWH in area A centered at the buoy location is 2.01 m and the buoy-measured SWH is 2.48 m. As for this case study, the difference between retrieve SWH and observed SWH is 0.47 m.
We apply the X-band wave retrieval algorithm to extract SWH values from 24 VV-polarization and 21 HH-polarization TS-X/TD-X images. In these SAR images, they also contain 30 NOAA buoy locations. The information of SAR images and corresponding NDBC buoys is shown in Appendix A. The SAR-derived wave information is matched up against co-located NOAA buoy measurements.
As shown in Figure 8 , the RMSE of SWH is 0.5 m with a 27% scatter index (SI) for VVpolarization images and the RMSE of SWH is 0.52 m with a 36% SI for HH-polarization images. The stander deviation (STD) of SWH is 0.5 m between retrieval results from co-polarization TS-X/TD-X images and buoy measurements. We found that SAR-derived SWH by using the proposed algorithm has a similar accuracy to the analysis results by using the existing wave retrieval algorithms, which has a SWH STD of around 0.5 m as validated against observations from moored buoys or altimeters [18, 24, 25] . Again, it should be noted that the proposed empirical XWAVE model can be directly applicable without knowing the information on wind speed and PR model is not required as it is applied for HH-polarization TS-X/TD-X image. 
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Application in Trpocial Cyclone
Further, we also validate the algorithm for one TD-X image taken during tropical cyclone Sandy in 2012. SAR has the capacity of all-weather field monitoring, especially in tropical cyclones. Through several tropical cyclones captured by SAR, some achievements have been exhibited in [36] [37] [38] [39] [40] , e.g., morphology of cyclones [36] [37] [38] , hurricane-generated ocean swell refraction [39] and a new method of high wind speed retrieval [40] . The comparison of wind retrieval using VV-polarization C-band SAR backscattering in hurricanes was reported in [41] . The results show RMSE of wind speed is 6.2-6.5 m/s against measurements from Stepped Frequency Microwave Radiometer (SFMR), due to winds encounter saturation problem as winds growing under tropical cyclone condition [30] [31] . Therefore, SAR-derived wind speeds have a large deviation with reality in tropical cyclones. To eliminate this source of errors, we replaced the wind speed with the NRCS in the existing XWAVE formula in this study. The advantage of this development is that the application of proposed algorithm avoids using SAR-derived wind speed, which is not working at high winds.
The multi-look ground range detected (MGD) VV-polarization TD-X SAR image in ScanSAR mode acquired over tropical cyclone Sandy at 22:49 UTC on 28 October 2012 is shown in Figure 9 . The TD-X image has an 8.25 × 8.25 m pixel size in both azimuth and range directions and then it was divided into sub-scenes of 512 × 512 pixels, which correspond to a spatial coverage of about 4 × 4 km. The sub-scenes were processed to retrieve SWH by using the developed algorithm. However, about 15% of sub-scenes are contaminated by the rain. These data were excluded in this study.
There are no NOAA buoys within the TD-X image's coverage. Therefore, we only perform the comparison against ECMWF results. The commonly used WaveWatch-III model output has a spatial resolution of 0.5° grid, which is too coarser than the ECMWF model results. Figure 10 shows that the SAR-derived SWH from the TD-X image in tropical cyclone Sandy and ECMWF reanalysis SWH at a 0.125° grid, in which the black rectangle represents the coverage of TD-X image. In particular, the time between the TD-X imaging time and ECMWF reanalysis SWH data is comparatively close, i.e. within 2 h. In general, the SAR-derived SWH is agreeable to the ECMWF reanalysis SWH data. Then the SAR-derived SWH points matched up closest to ECMWF grid points are selected. Figure 11 shows a 0.35 m RMSE of the SWH comparison. The unique ECMWF reanalysis SWH data were used for tuning and validating the proposed empirical algorithm, causing a better 0.3 m STD than a 0.5 m STD of SWH. Although ECMWF reanalysis SWH data deviate from reality, the statistical analysis of the case study still reveals the proposed empirical wave retrieval algorithm has a creditable performance under tropical cyclone condition. 
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Conclusions
XWAVE's design was aimed to wave retrieval from VV-polarization TS-X/TD-X image, which relies on SAR-derived wind speeds. Although several algorithms have been recently exploited for wind retrieval from co-polarization TS-X/TD-X image, such as GMF SIRX-MOD [3] , GMF XMOD2 [4] and polarization ratio XPRs [2, 5] , these algorithms are only valid for wind speeds up to 25 m/s. When XWAVE is applied for wave retrieval from HH-polarization TS-X/TD-X image, XPR has to be used for converting NRCS in HH-polarization to NRCS in VV-polarization to retrieve wind speed. It is well known that SAR NRCS has a strong relation with wind speed. This is true for C-band [33] and X-band SAR [35] . In this study, we proposed an empirical algorithm by replacing NRCS instead of wind speed in the existing XWAVE model. Therefore, this development benefits the operation of waves retrieval from X-band SAR due to its application without using SAR-derived wind speeds.
In our work, 60 TS-X/TD-X images in VV-polarization and 60 TS-X/TD-X images in HHpolarization were collected over whole seas. All these images were divided into numbers of subscenes, which were collocated with ECMWF SWH data at a 0.125° grid. We have more than one thousand matchups to tune the proposed empirical algorithm. An additional 24 images in VVpolarization and 21 images in HH-polarization were implemented using the proposed empirical algorithm and the retrieval results were validated against the observations from 30 NOAA in situ buoys, showing a 0.5 STD of SWH. XWAVE needs convert NRCS in HH-polarization to NRCS in VVpolarization by using XPRs and it relies on SAR-derived wind speed which has a deviation with reality. The proposed algorithm directly works for both VV-polarization and HH-polarization without using XPRs. The correlation between the ECMWF reanalysis SWH and the simulated SWH is about 0.8. Therefore, we think the proposed algorithm is suitable for wave retrieval from copolarization TS-X/TD-X image.
The validation of wind speed retrieved from TS-X/TD-X image using XMOD has not been investigated yet under tropical cyclone condition. Therefore, the advantage of the proposed empirical algorithm is that wind speed is no longer needed for wave retrieval in tropical cyclone. One VVpolarization TD-X image in tropical cyclone Sandy in 2012 was used to confirm the applicability of the proposed algorithm. Because no moored buoys were available in the TS-X coverage, and wave data from WaveWatch-III model have a 0.5° grid, which is too coarse for validation, we use ECMWF reanalysis SWH to preliminary evaluate the performance of the proposed algorithm. The comparison between SAR-derived SWH and ECMWF reanalysis SWH data shows a 0.3 m STD of SWH meaning the proposed empirical algorithm also works under tropical cyclone condition. A new method of Figure 11 . The comparison between SAR-derived SWH by using the proposed empirical algorithm and ECMWF reanalysis SWH data.
In our work, 60 TS-X/TD-X images in VV-polarization and 60 TS-X/TD-X images in HH-polarization were collected over whole seas. All these images were divided into numbers of sub-scenes, which were collocated with ECMWF SWH data at a 0.125 • grid. We have more than one thousand matchups to tune the proposed empirical algorithm. An additional 24 images in VV-polarization and 21 images in HH-polarization were implemented using the proposed empirical algorithm and the retrieval results were validated against the observations from 30 NOAA in situ buoys, showing a 0.5 STD of SWH. XWAVE needs convert NRCS in HH-polarization to NRCS in VV-polarization by using XPRs and it relies on SAR-derived wind speed which has a deviation with reality. The proposed algorithm directly works for both VV-polarization and HH-polarization without using XPRs. The correlation between the ECMWF reanalysis SWH and the simulated SWH is about 0.8. Therefore, we think the proposed algorithm is suitable for wave retrieval from co-polarization TS-X/TD-X image.
The validation of wind speed retrieved from TS-X/TD-X image using XMOD has not been investigated yet under tropical cyclone condition. Therefore, the advantage of the proposed empirical algorithm is that wind speed is no longer needed for wave retrieval in tropical cyclone. One VV-polarization TD-X image in tropical cyclone Sandy in 2012 was used to confirm the applicability of the proposed algorithm. Because no moored buoys were available in the TS-X coverage, and wave data from WaveWatch-III model have a 0.5 • grid, which is too coarse for validation, we use ECMWF reanalysis SWH to preliminary evaluate the performance of the proposed algorithm. The comparison between SAR-derived SWH and ECMWF reanalysis SWH data shows a 0.3 m STD of SWH meaning the proposed empirical algorithm also works under tropical cyclone condition. A new method of wind retrieval in tropical cyclone was proposed in [40] , in which wind speeds up to 65.4 m/s were retrieved from the information on waves using the fetch-limited wind wave growth function. The validation shows a good agreement with hurricane hunter measurements and there is no indication of saturation problem in the wind retrieval. In the near future, we plan to validate the proposed algorithm through more X-band SAR images in tropical cyclones, covering the moored buoys. Then winds can be retrieved from X-band SAR image through SAR-derived SWH.
